Abstract-We review our recent work on lasing in active random media. Light scattering, which had been regarded as detrimental to lasing action for a long time, actually provided coherent feedback for lasing. The fundamental difference and transition between a random laser with coherent feedback and a random laser with incoherent feedback were illustrated. We also trapped laser light in micrometer-sized random media. The trapping was caused by disorder-induced scattering and interference. This nontraditional way of light confinement has important applications to microlasers.
I. INTRODUCTION

I
N 1966 LETOKHOV et al. invented a laser with nonresonant feedback using scattering reflector [1] . He further proposed a new way of generating light in a scattering medium with negative resonance [2] . In the 1980s, Markushev et al. observed lasing in Nd-doped laser crystal powder [3] , [4] . They found a single particle, whose size is much larger than the optical wavelength, serves as a laser resonator. Since then, there has been much work on powder lasers [5] - [7] . In the early 1990s, Lawandy et al. reported stimulated emission from laser dye solution containing microparticles [8] . This observation triggered many experimental [9] - [14] and theoretical [15] - [18] studies on light amplification in diffusive media. The term "random laser" appeared. It represented a laser amplifier with feedback due to random scattering mechanism, as opposed to the reflective feedback by the mirrors. In this sense, the random laser is also called a mirrorless laser. However, the feedback provided by light scattering is incoherent, i.e., the feedback is basically intensity feedback. Thus, the physics is not dramatically different from the amplification of spontaneous emission (ASE) without feedback. In the late 1990s, random lasers with coherent feedback were realized with disordered semiconductor and organic materials [19] - [21] . The interference of backscattered waves produces the amplitude feedback.
In this paper, we review our recent experimental work on random lasers with coherent feedback. In Section II, we illustrate the difference between a random laser with incoherent feedback and a random laser with coherent feedback. Section III is focused on the coherent random laser. In Section VI, we describe the micro random laser. Section V contains the latest results on fabrication and characterization of a partially ordered random laser. We conclude in Section VI.
II. TWO TYPES OF RANDOM LASERS
In an active random medium, light is scattered and undergoes a random walk before leaving the medium. Because of gain, a photon may induce the stimulated emission of a second photon as it travels in the medium. There are two characteristic length scales. One is the gain length, the distance a photon travels before generating a second photon. The other is the average path length that a photon travels in the gain medium. With an increase in the number of scattering centers, the average path length of photons in the medium increases. When it is equal to the gain length, on average every photon generates another photon before leaving the medium. The photon number increases with time. From the theoretical point of view, the solution to the diffusion equation including linear gain diverges [2] . This process has been called lasing with incoherent (nonresonant) feedback. It is similar to the neutron scattering in combination of nuclear fission.
When scattering gets stronger, after multiple scattering light may return to the scattering center from which it was scattered before, forming a closed-loop path for light. When the amplification along the loop reaches the loss, lasing oscillation occurs in the loop which serves as a cavity. The lasing frequency is determined by the requirement of constructive interference, i.e., the phase delay along the loop is equal to , where is an integer. Such a laser is called a random laser with coherent (resonant) feedback. Of course, the picture of a single closed-loop path for light is intuitive but naive. Light may return to its original position through many different paths. All the backscattered light interferes, and their phase relationship determines the lasing frequencies. Therefore, such random laser is a randomly distributed feedback laser. The feedback is provided by the disorder-induced scattering.
Experimentally, we observed the difference of the two types of random lasers and the transition between them [22] . The random medium used in our experiment is the rhodamine 640 dye solution containing ZnO nanoparticles. The dye serves as the gain medium and the nanoparticles are scattering centers. By varying the particle density in the solution, we continuously vary the amount of scattering. The frequency-doubled output nm of a mode-locked Nd:YAG laser (10-Hz repetition rate, Fig. 1 . Emission spectra when the incident pump-pulse energy is (from bottom to top) 0.68, 1.5, 2.3, 3.3, and 5.6 J. The ZnO particle density is 2.5 2 10 cm . The upper inset is the emission intensity at the peak wavelength versus the pump-pulse energy. The lower inset is the emission linewidth versus the pump-pulse energy.
30-ps pulse width) was used to excite the dye molecules. We measured the single-shot emission spectrum using a 0.5-m spectrometer with a cooled charged-coupled device (CCD) detector array. Fig. 1 shows the evolution of the emission spectra with the pump intensity when the ZnO particle density is 2.5 10 cm . The dye concentration is fixed at 5 10 M. When the pump intensity reaches a threshold, a drastic spectral narrowing occurs. As shown in the insets of Fig. 1 , when the incident pump-pulse energy exceeds 3 J, the emission linewidth is quickly reduced to 5 nm, meanwhile the peak emission intensity increases much more rapidly with the pump intensity. This is because optical scattering by the ZnO particles increases the path length of the emitted light inside the solution. Under optical pumping, the dye molecules have a broad gain spectrum. The gain length is shortest at the peak of the gain spectrum. As the pump intensity increases, the gain length decreases. When the shortest gain length becomes equal to the average length of light path in the gain volume, every photon generates a second photon by stimulated emission before leaving the solution. This triggered a "chain reaction," i.e., one photon generates two photons, and two photons generate four photons, etc. Thus, the photon density at the frequency of gain maximum builds up quickly. Away from the frequency of gain maximum, the gain length is still longer than the average path length of light in the solution. The chain reaction does not occur, and the photon density is still low. The drastic increase of photon density at the frequency of gain maximum results in an apparent narrowing of the emission spectrum. This process in nature is more like ASE than lasing oscillation. However, typical ASE exhibits a gradual spectral narrowing with excitation intensity, while in a random medium, spectral narrowing occurs suddenly above a threshold (the middle inset of Fig. 1) . Namely, the ASE in random medium has a threshold. Above the threshold, the rate of photon generation by stimulated emission exceeds the photon loss rate. The photon density would diverge without gain saturation [14] . Thus, gain saturation plays an important role in the ASE above the threshold. Below the threshold, gain saturation can be neglected, similar to the case of typical ASE. Following the convention [2] , the process of light amplification by simulated emission above the threshold is referred to as lasing with nonresonant feedback.
Next, we keep the same dye concentration and increase the ZnO particle density to 1 10 cm . Fig. 2 plots the evolution of the emission spectra with pump intensity. We can see that the phenomenon is very different in the case of strong scattering. When the incident pump-pulse energy exceeds 1.0 J, discrete peaks emerge in the emission spectrum. The linewidth of these peaks is less than 0.2 nm, which is more than 50 times smaller than the linewidth of the ASE below the threshold. When the pump intensity increases further, more sharp peaks appear. The emergence of discrete spectral peaks indicates the existence of spatial resonance for light. In the solution, such resonance is caused by recurrent light scattering of nanoparticles. In other words, the discrete peaks represent the resonant modes of random cavities formed by recurrent light scattering. When the optical gain is sufficiently high, lasing occurs in the modes of the random cavities. This is lasing with coherent feedback.
We also studied the transition from lasing with incoherent feedback to lasing with coherent feedback. Fig. 3 shows the evolution of the emission spectra with the pump intensity when the ZnO particle density is 5 10 cm . As the pump intensity increases, a drastic spectral narrowing occurs first. Then at higher pump intensity, discrete narrow peaks emerge in the emission spectrum. Because the amount of scattering in the solution is between the previous two cases, there is some, but not large, probability of a photon scattered back to the original position. Hence, the loss of the random cavities formed by recurrent scattering is quite high. The pump intensity re- Fig. 2 . Emission spectra when the incident pump-pulse energy is (from bottom to top) 0.68, 1.1, 1.3, and 2.9 J. The ZnO particle density is 1210 cm .
The inset shows the emission intensity versus the pump-pulse energy.
quired to reach lasing threshold in these cavities is high. Thus, the pump intensity first reaches the threshold where the gain length at the peak of gain spectrum becomes equal to the average length of light path in the excitation volume. A significant spectral narrowing and a drastic increase of peak emission intensity occur, similar to what happens in Fig. 1 . Then the pump intensity reaches a second threshold where the gain exceeds the loss in some random cavities. Lasing oscillation occurs in these cavities, adding discrete peaks to the emission spectrum. However, the number of lasing modes in Fig. 3 is less than that in Fig. 2 at similar pump intensity due to weaker scattering. Therefore, there exist two thresholds. The first threshold is for lasing with incoherent feedback, and the second is for lasing with coherent feedback. From the viewpoint of ray optics, lasing with incoherent feedback is related to the instability of light amplification along open trajectories, while lasing with coherent feedback corresponds to the instability of light amplification along closed-loop paths. Therefore, the contribution of optical scattering to these two types of random lasers is very different. In the random laser with incoherent feedback, scattering merely increases the path length of light in the gain medium to reach the gain length. In the random laser with coherent feedback, scattering brings light back to its original position to interfere.
III. RANDOM LASER WITH COHERENT FEEDBACK
There are three important length scales for the random laser: scattering length, gain length, and sample size. We studied the dependence of lasing threshold on these parameters [23] . Next, we illustrate the essential role played by scattering in random laser with coherent feedback through its dependence on the scattering length.
The random media we used are polymethyl methacrylate (PMMA) sheets containing rhodamine 640 perchlorate dye and TiO particles. The average diameter of TiO particles is 400 nm. To change the scattering length, we varied the TiO particle density in PMMA from 8 10 to 6 10 cm . To characterize the transport mean-free path in these samples, we conducted a coherent backscattering experiment. The output from an He:Ne laser was used as the probe light, since its wavelength is very close to the emission wavelength of rhodamine 640 perchlorate dye. To avoid absorption of the probe light, we fabricated PMMA sheets which contains only TiO particles but not the dye. From the angular width of the backscattering cone, we estimated the transport mean-free path , after taking into account the internal reflection [24] . The detailed analysis of can be found in [23] .
The polymer samples were optically excited by the second harmonics of a pulsed Nd:YAG laser. The diameter of the pump spot at the sample surface is 50 m. Fig. 4(a) plots the incident pump-pulse energy at the lasing threshold versus the transport mean-free path. The dye concentration in the polymer is fixed at 5 10 M. The lasing threshold decreases with the transport mean-free path. The strong dependence of the lasing threshold on the transport mean-free path clearly illustrates the important contribution of scattering to lasing. With an increase in the amount of optical scattering, the feedback provided by scattering becomes stronger. The random cavities formed by multiple scattering have lower loss. Hence, the lasing threshold is reduced. In Fig. 4(b) , we plot the number of lasing modes in the samples with different mean-free path at the same pump intensity. With a decrease of the transport mean-free path, the number of lasing modes increases. This is because in a random medium with shorter mean-free path, there are more low-loss cavities formed by scattering. Hence, at the same pump intensity, lasing occurs in more cavities, leading to more lasing modes. An interesting feature in Fig. 4 is that when the transport mean-free path approaches the wavelength, the lasing threshold pump intensity drops quickly, and the number of lasing modes increases dramatically. Therefore, the regime is important to both fundamental physics and practical application.
We realized random laser in the regime with highly disordered semiconductor powder and polycrystalline films. We synthesized ZnO nanoparticles with the precipitation reaction [25] . The process involves hydrolysis of zinc salt in a polyol medium. ZnO nanoparticles are cold-pressed to form a pellet of thickness 1 mm. The average particle size is about 70 nm. The transport mean-free path was measured in the coherent back scattering experiment. ZnO has a direct band gap of 3.3 eV. To avoid absorption, the frequency-doubled output nm of a mode-locked Ti:Sapphire laser (76-MHz repetition rate, 200-fs pulse width) was used as the probe light. From the angle of the backscattering cone, we estimated . The ZnO powder was optically pumped by the third harmonics nm of a mode-locked Nd:YAG laser (10-Hz repetition rate, 20-ps pulse width). The pump beam was focused to a 20-m spot on the sample surface. The emission spectrum was measured by a spectrometer with 0.13-nm spectral resolution. Simultaneously, the spatial distribution of the emitted light intensity in the powder was imaged by an ultraviolet (UV) microscope onto a UV sensitive CCD camera. The amplification of the microscope was about 100 times. The spatial resolution is 0.3 m. A bandpass filter was placed in front of the microscope objective to block the pump light. Fig. 5 shows the measured emission spectra and spatial distribution of emission intensity in ZnO powder at different pump intensities. At low pump intensity, the spectrum consists of a single broad spontaneous emission peak. Its full-width at half-maximum (FWHM) is 12 nm [ Fig. 5(a) ]. As shown in Fig. 5(b) , the spatial distribution of the spontaneous emission intensity is smooth across the excitation area. Due to the pump intensity variation over the excitation spot, the spontaneous emission in the center of the excitation area is stronger. When the pump intensity exceeds a threshold, discrete narrow peaks emerge in the emission spectrum [ Fig. 5(c) ]. The FWHM of these peaks is less than 0.2 nm. Simultaneously, bright tiny spots appear in the near-field image of the emitted light distribution in the powder [ Fig. 5(d) ]. The size of the bright spots at the sample surface is between 0.3 and 0.7 m. When the pump intensity is increased further, additional sharp peaks emerge in the emission spectrum. Correspondingly, more bright spots appear in the image of the emitted light distribution. The frequencies of the sharp peaks depend on the sample position. As we moved the excitation spot across the sample, the frequencies of the sharp peaks changed.
Above the threshold where discrete spectral peaks appear, the emission intensity increases much more rapidly with the pump intensity. Simultaneously, the emission pulse is shortened drastically from 200 ps below the threshold to less than 30 ps well above the threshold [26] . Our photocounting experiment reveals that the photon number distribution in a single mode changes continuously from the Bose-Einstein distribution at the threshold to Poisson distribution well above the threshold [27] . As shown in Fig. 6 , the normalized second-order correlation coefficient decreases gradually from two to one when the pump intensity increases. This result indicates photon number fluctuation in each lasing mode is quenched by gain saturation well above the threshold. In contrast, for a random laser with incoherent feedback, the photon number distribution in a single mode remains Bose-Einstein distribution even well above the lasing threshold [28] .
We investigated the dynamics of individual lasing modes in ZnO powder [26] . Lasing oscillation in different modes starts at different times, and it lasts for different periods of time. Their unsynchronized behavior suggests that these lasing modes originate from different cavities. As shown in Fig. 5(d) , above the lasing threshold, the emission pattern exhibits spatially separated regions of intense laser radiation. Due to the local variation of particle density and spatial configuration, there exist small regions of stronger scattering. Light can be confined in these regions through the process of multiple scattering and interference. For a particular configuration of scatterers, only light at certain wavelengths can be confined, because the interference effect is wavelength sensitive. In a different part of the sample, the configuration of the scatterers is different, thus light at different wavelengths is confined. In other words, there are many small resonant cavities in the powder. In a finite-sized sample, the trapping of light is incomplete because photons can escape through the boundaries. This gives rise to the cavity loss. When the optical gain reaches the loss, lasing occurs in these cavities.
Unlike the conventional lasers with directional output, laser emission from the random media could be observed in all directions. The laser emission spectra vary with the observation angle. Since different random cavities have different output directions, lasing modes observed at different angles are different.
IV. MICRO RANDOM LASER
The results of Section III illustrate that the disorder-induced optical scattering not only provides coherent feedback for lasing, but also leads to spatial confinement of laser light in micrometer-sized volume. Utilizing this new mechanism of optical confinement, we fabricated microlasers with disordered media [29] .
To fabricate micrometer-sized random medium, we agglomerated ZnO nanoparticles to form clusters whose size varies from half to a few micron [30] . The inset of Fig. 7 is the scanning electron microscope (SEM) image of a typical ZnO cluster. The size of the cluster is about 1.7 m. It contains roughly 20 000 ZnO nanocrystallites. The ZnO cluster is optically pumped by the third harmonics of a pulsed Nd:YAG laser. The pump light is focused by a microscope objective onto a single cluster. We simultaneously measured the spectrum of emission from the cluster and imaged the spatial distribution of the emitted light intensity in the cluster.
At low pump intensity, the emission spectrum consists of a single broad spontaneous emission speak [ Fig. 8(a) ]. Its FWHM is 12 nm. The spatial distribution of the spontaneous emission intensity is uniform across the cluster [ Fig. 8(b) ]. When the pump intensity exceeds a threshold, a sharp peak emerges in the emission spectrum [ Fig. 8(c) ]. Its FWHM is 0.22 nm. Simultaneously, a couple of bright spots appear in the image of the emitted light distribution in the cluster [ Fig. 8(d) ]. When the pump intensity is increased further, a second sharp peak emerges in the emission spectrum [ Fig. 8(e) ]. Correspondingly, additional bright spots appear in the image of the emitted light distribution [ Fig. 8(f) ].
As shown in Fig. 7 , above the pump intensity at which sharp spectral peaks and bright spots appear, the emission intensity increases almost linearly with the pump intensity. These data suggest that lasing occurs in the micrometer-sized cluster. The incident pump-pulse energy at the lasing threshold is 0.3 nJ. Note that less than 1% of the incident pump light is absorbed. The rest is scattered.
Since the cluster is very small, optical reflection from the boundary of the cluster might have some contribution to light confinement in the cluster. However, the laser cavity is not formed by total internal reflection at the boundary. Otherwise, the spatial pattern of laser light would be a bright ring near the edge of the cluster [31] . We believe the three-dimensional (3-D) optical confinement in a micrometer-sized ZnO cluster is achieved through disorder-induced scattering and interference. Since interference effect is wavelength sensitive, only light at certain wavelengths can be confined in the cluster. In another cluster of different particle configuration, light at different wavelengths is confined. Hence, the lasing frequencies are fingerprints of the clusters. Because optical confinement is not caused by light reflection at the surface of a cluster, but by scattering inside the cluster, we can achieve lasing in clusters with irregular shapes and rough surfaces.
We would like to compare the micro random laser with other types of microlasers. Over the past decade, several types of microlasers have been developed. The key issue for microlaser is to confine light in a small volume with dimensions on the order of optical wavelength. In the vertical-cavity surface-emitting laser, light is confined by two distributed Bragg reflectors [32] . The microdisk laser utilizes total internal reflection at the edge of a high index disk to form whispering gallery modes [33] . In the two-dimensional (2-D) photonic band-gap defect mode laser, lateral confinement of light is realized through Bragg scattering in a 2-D periodic structure [34] . The fabrication of these microlasers requires expensive crystal growth and nanofabrication facilities. In micro random laser, the optical confinement is achieved through disorder-induced scattering and interference. The fabrication of the micro random laser is much easier and cheaper than that of most microlasers.
V. PARTIALLY ORDERED RANDOM LASER
Our latest numerical calculation shows that the threshold of a random laser can be reduced by incorporating some degree of order into an active random medium [35] . Recently, we developed a technique to synthesize monodisperse ZnO colloidal spheres and assemble them to form partially ordered structures [36] .
Monodisperse ZnO colloidal spheres were produced by twostage reaction process. In the primary reaction, polydisperse ZnO colloidal spheres were produced by hydrolysis of zinc acetate dihydrate (ZnAc). In the reaction, 0.03 mol ZnAc was added to 300-ml diethylene glycol (DEG). After the solution was heated to 160 C, the precipitation of ZnO occurred. The reaction product was placed in a centrifuge to separate the ZnO particles from supernatant (DEG, dissolved reaction products, unreacted ZnAc, and water). The supernatant was decanted off and saved; the polydisperse ZnO particles were discarded. A secondary reaction was then performed in the same procedure as the primary reaction, except that prior to precipitation (typically at 150 C) some amount of the purified primary reaction solution was added to the mixture. Following this addition, there was a temperature drop, and precipitation would typically occur at a lower temperature than that without such an addition. After reaching 160 C, the reaction was stirred for one hour, after which the heat source was removed and the solution cooled to room temperature.
The SEM image in Fig. 9 shows that the ZnO synthesized with this technique consists of monodisperse colloidal spheres. Careful analysis of the micrographs reveals that the ZnO spheres are monodisperse within 5%-8%. The size of the spheres varies inversely and monotonically with the amount of primary solution added. Using this method, we synthesized monodisperse ZnO colloidal spheres over a broad size range (from 100 to 600 nm), with good control over the diameter. The high resolution transmission electron micrographs show that the spheres are made up of numerous nanocrystallites. X-ray diffraction analysis of the colloid reveals that the material is hexagonal ZnO with a crystallite size of 10-20 nm and no preferential growth direction.
To produce ordered array of ZnO colloidal spheres, they were sedimented directly from the reaction solution. While sedimentation at low temperature produced disordered structure, drying the solution on a substrate heated to 160 C produced an ordered face center cubic (FCC) structure with domain size in excess of 10 m (Fig. 9) . For the ordered samples, photonic band gap (PBG) was observed in the normal-incidence transmission spectra of white light. The ratio of the center wavelength of the band gap to the sphere diameter remains a constant (2.1) to within a few percent over all samples.
Since the ZnO colloidal sphere consist of numerous nanocrystallites, its density and refractive index differ from that of bulk ZnO. To obtain the effective refractive index of ZnO spheres, we calculated the PBG of 3-D FCC lattices of dielectric spheres with variable refractive index and diameter. By matching the measured ratio to our calculation result, we found the effective refractive index of ZnO spheres . This value is smaller than the refractive index of bulk ZnO, confirming the ZnO colloidal spheres are porous.
We optically pumped the monodisperse ZnO colloidal spheres with the third harmonics of a pulsed Nd:YAG laser. Lasing occurred in both ordered and disordered arrays of ZnO spheres. The lasing threshold for the ordered array of ZnO spheres is lower than that for the disordered array of ZnO spheres. For the ordered arrays of monodisperse ZnO spheres with different diameters, the lasing threshold reaches the minimum when the PBG in (111) direction overlaps with the ZnO emission band. Full analysis is under way to interprete these results.
VI. CONCLUSION
We have reviewed our experimental studies of coherent random lasers. For a long time, light scattering had been regarded as detrimental to lasing action. We have shown that strong scattering can facilitate lasing by forming cavities and supplying coherent feedback. Our experimental results demonstrated that coherent light can be generated in a disordered medium with gain. We have illustrated the similarity and difference between a random laser and a conventional laser.
Disorder-induced scattering not only provides coherent feedback for lasing, but also leads to spatial confinement of laser light in micrometer-sized volume. Utilizing this new mechanism of optical confinement, we fabricated microlasers with disordered media.
Following the first demonstration of coherent random laser, there have been many experimental [37] - [42] and theoretical [43] - [50] studies of this nontraditional laser. The studies of random laser not only lead to advances in laser physics and light localization, but also improved our understanding of galaxy masers in which the feedback is also caused by scattering [51] 
